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Tuesday, February 5, 2013 479aProbing the mechanical properties of the nucleus is essential to understanding
whole-cell mechanics under different physiological conditions. The nucleus
has a complex composition yielding intricate rheological behavior that is ap-
pealing for measurements over a wide frequency range. However none of the
existing techniques can exceed the kHz range. Moreover, the invasive nature
of most of these techniques hampers the study of cell mechanics evolution dur-
ing biological processes under physiological conditions. Here, we report the use
of laser-generated GHz acoustic waves to probe the stiffness and viscosity of
nuclei in single live cells. We demonstrate that the stiffness and viscosity reflect
the compressional dynamics of the nuclear components. Furthermore we reveal
the existence of a universal nuclear stiffness equal to 15 GPa in adult mamma-
lian cells. We also emphasize the importance of Poisson’s ratio in the describ-
ing the dynamic mechanical behavior of cells. Accordingly, we postulate that at
GHz acoustical frequencies, anharmonic processes might occur in the cell in
addition to thermally activated absorption processes already considered at
low frequencies. On this basis, we demonstrate that the mechanical properties
of the internal structure of the cell nucleus probed by GHz acoustic waves
correlate with a specific gene expression pattern during cell differentiation.
We suggest that the induction of differentiation synchronizes the stiffness of
the cell nuclei. This analysis is supported by the observation of a new stress
fiber organization around the nucleus and of an increased number of focal
adhesions throughout the entire cell. The method described here is therefore
capable of probing in a non-invasive manner the nanomechanical behavior of
single live cell nuclei. This approach should open new areas in the investigation
of physiological processes under biological conditions.
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In recent years reductionist biomimetic approaches have been able to reproduce
complex biological phenomena, such as single cell locomotion or self-
replication on the molecular scale. Here we address the effect of homeostatic
pressure oncell-cell adhesionusing densely packedemulsiondroplets as amimic
for the mechanical and adhesive properties of biological tissues. By visualizing
the microstructure in 3D we find that a threshold compression force is necessary
to overcome electrostatic repulsion and surface elasticity and establish protein-
mediated adhesion. Furthermore, varying the interaction potential maps out
a phase diagram for adhesion as a function of force and salt concentration.
Remarkably, fitting the data with our theoretical model predicts binder concen-
trations in the adhesion areas that are similar to those found in real cells. More-
over, the adhesion size dependence on the applied force reveals adhesion
strengtheningwith increasing homeostatic pressure even in the absence of active
cellular processes. To further mimic the cell-cell adhesion we next replace the
interdroplet biotin-streptavidin bonds with the extracellular domains of E-cad-
herins that are also grafted onto the lipid monolayer stabilizing the droplets.
This new system of adhesive proteins unexpectedly leads to a very different be-
havior of the biomimetic emulsion: droplet fusion. This fusion involves the
merging of the two lipid monolayers assembled on the surface of the droplets
and can therefore shed light onto general fusionmechanisms.Our system reveals
the role of both calcium ions and lipid domain segregation for the observed
cadherin-mediated fusion. The variety of bio-inspired emulsions that can be de-
signed with our system creates a rich playground for problems in biophysics.
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Three dimensional (3D) cell culture is becoming a mainstream in vitro model
for studying cellular behavior as it is recognized that animal cells require the
biophysical and biochemical cues within the 3D extracellular matrix (ECM)
to perform truly physiologically realistic functions. Tools for quantitative mea-
surements of the mechanical interactions between cells and the ECM, however,
are largely limited to cells cultured on 2D substrates. We present our efforts in
developing 3D cell traction microscopy that is highly accessible to the research
community (Hall and Long et al. 2012). Three unique features of our technique
are (a) it uses the same wide field fluorescence microscopy that is currently used
to perform 2D traction microscopy (b) it implements a forward solution making
it possible to compute 3D stress fields for the nonlinear materials commonly
used in 3D cell culture including type-I collagen (c) the software package al-
lows for near real time mapping around migrating cells. using our technique,
we measure the 3D strain and stress fields around single tumor cells (MDA-
MB-231) embedded in type I collagen both during dynamic migration and afterchemical treatment to relax the cell. The relation between collagen microstruc-
ture and cell generated traction is discussed.
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It is well known that various cell types can sense and respond to the mechanical
properties of their microenvironment. Specifically, cells have been known to
spread more when cultured on stiff substrates and are able to match their inter-
nal stiffness to that of the substrate. It has also been recently reported that even
though some cells were cultured on soft but thin coatings attached to stiff sup-
ports, they can perceive an effective stiffness that is much larger than that of the
bulk coating itself and consequently spread as if they were cultured on stiff sub-
strates. Earlier models have estimated the effect of finite thickness by assuming
isotropic traction forces [1] and that the internal stiffness of cells is independent
of substrate stiffness [2]. We generalize these models [1, 2] to show that aniso-
tropic traction forces exerted by cells on substrates can lead to both anisotropic
spreading and anisotropic internal stiffening of cells. Our methods could lead to
a better understanding of the difference between substrate thickness estimated
by atomic force microscopy (AFM) probes and substrate thickness estimated
through changes in cell traction.
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The elastic cytoskeleton contains molecular motors that produce mechanical
forces by which cells attach to and pull on their surroundings. This mechanical
interaction is responsible for many aspects of cellular function, from cell
spreading and proliferation to stem-cell differentiation and tissue development.
Both the cytoskeleton and the extracellular matrix comprise cross-linked, semi-
flexible polymeric filaments, and as such they exhibit very nonlinear viscoelas-
tic behavior that includes a power-law stiffening of the elastic moduli with
increasing stress [1].
Our theoretical work [2] is motivated by traction-force-microscopy experi-
ments of cells that adhere to soft gels. These have shown that non-motile cells
are dominated by force dipoles, comprised of equal and opposite contractile
forces. However, the dependence of strain energy on the total dipole moment
exhibits peculiar scaling laws which have not yet been explained [3].
We consider active force-dipoles embedded in a nonlinear elastic medium, with
constitutive relations inspired by fracture mechanics [4], which obey the strain-
stiffening scaling laws of biopolymers. For strong nonlinearity, the differential
shear modulus diverges at finite strain, and we may employ a small strain (but
strongly nonlinear) expansion. We find that for a spherical force-dipole, strains
change sign with distance, indicating that even around a contractile inclusion or
molecular motor there is radial compression; it is only at long distance that one
recovers the linear response in which the medium is radially stretched. The re-
normalization of the far-field strain field implies that the material’s nonlinearity
causes the active force dipole to be equivalent to one which is dramatically
larger and stronger.
[1] Gardel et al., Science 304, 1301 (2004).
[2] Shokef and Safran, Phys. Rev. Lett. 108, 178103 (2012).
[3] Pompe et al., Biophys. J. 97, 2154 (2009).
[4] Knowles, Int. J. Fracture 13, 611 (1977).
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In eukaryotic cells, small changes in cell volume can serve as important signals
for cell proliferation, death and migration. Volume and shape regulation also
directly impacts the mechanics of the cell and multi-cellular tissues. Recent
experiments found that during mitosis, eukaryotic cells establish a preferred
steady volume and pressure, and the steady volume and pressure can robustly
adapt to large osmotic shocks. Here we develop a mathematical model of cel-
lular pressure and volume regulation, incorporating essential elements such as
water permeation, mechano-sensitive channels, active ion pumps and active
stresses in the actomyosin cortex. The model can fully explain the available
480a Tuesday, February 5, 2013experimental data, and predicts the cellular volume and pressure for several
models of cell cortical mechanics. Furthermore, we show that when cells are
subjected to an externally applied load, such as in an AFM indentation exper-
iment, active regulation of volume and pressure leads to complex cellular re-
sponse. We found the cell stiffness highly depends on the loading rate,
which indicates the transport of water and ions might contribute to the observed
viscoelasticity of cells.
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Phagocytosis has been extensively studied in search for biochemical pathways
that drive the reorganization of the cell membrane and the subjacent cytoskel-
eton during the internalization of a phagocytic target. This active deformation
makes phagocytosis an inherently mechanical process. However, a character-
ization of the process in terms of the underlying measures such as energies
and forces remains elusive.
Here, we present a novel approach to measure the stiffness of a phagocytic cup
and relate it to the energy stored in it. We allow magnetic particles coated with
immunoglobulins to bind to human macrophages and trigger Fc-receptor medi-
ated phagocytosis. As the membrane progressively wraps around the particle,
we quantify the concomitant changes in stiffness by applying a time-varying
magnetic field and measuring the translational and rotational excursions of
the particle [Irmscher et al., Biophys. J., 2012]. The shear stresses are applied
orthogonal to the direction of particle uptake and do not disturb the physiolog-
ical rate of particle internalization.
The measurements reveal that the stiffness initially rises slowly as the particle
is increasingly engulfed by the membrane. The stiffness eventually peaks and
proceeds to drop to a lower level. We explain this characteristic evolution of
stiffness by invoking a mechanical model that treats the phagocytic cup as
a pre-stressed membrane in connection with an elastically deformable actin
cortex. Under this minimal description, the observed peak in rotational stiffness
marks the point when half of the particle is engulfed. The rate of stiffness in-
crease before the peak is conserved across cells and indicates that the mem-
brane advances at a characteristic speed.
Our approach paves the way for studies on the mechanical effects of recently
discovered uptake inhibitors (such as CD47) that are relevant in cancer
immunology.
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Macrophages are innate immune cells, which engulf and digest pathogens and
opsonized cells. This uptake process, known as phagocytosis, is actin-driven
and becomes more efficient in the presence of phospho-activated non-muscle
myosin IIA (NMMIIA). CD47 is a transmembrane membrane protein which
acts as a marker of self by inhibiting phagocytosis by macrophages. An IgG-
opsonized target cell or particle lacking CD47 binds macrophage FcR which
then activates the assembly of paxillin, F-actin, and nonmuscle myosin IIA
at the phagocytic synapse. In contrast, parallel interactions with CD47 signal
through SIRP to inhibit myosin assembly and contractile contributions to effi-
cient phagocytosis. We have studied the force and kinetics of phagocytosis by
human macrophages. To this aim, we studied phagocytosis of opsonized red
blood cells. The force imparted during phagocytosis was calculated based on
blood cells’ shape deformation and elastic properties. Our analysis shows
that the range of the resultant force imposed by Macrophages is up to 100pN
and in 10 minutes after initial contact. Further we show that CD47 modulates
the force generated by macrophages on phagocytic targets.
Muscle: Fiber and Molecular Mechanics
& Structure II
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Molecularmechanical differences between actin isoforms remain elusive poten-
tially because their sequence differences are limited to the actin regulatory
protein binding sites[1]. We executed in vitromotility measurements of smooth
muscle myosin with skeletal muscle a-actin (a-Act) and smooth muscle g-actin
(g-Act) alone and in complexes with smooth muscle tropomyosin (Trop/a-Act
and Trop/g-Act, respectively) and extracted mean sliding velocity (v), motile
fraction (fmot), sliding velocity coefficient of variation (CoV), mean non-
motile time (tstop), and mean motile time (trun) as functions of actin length (L).
We found a discrete separation of actin sliding into a motile and a non-motile
population; the motile fraction increases with L. Characteristic lengths
(Lc) above which fmotR75% are: a-Act 2.86[2.23,4.01] n=10, g-Act 2.52
[1.95,3.29] n=11, Trop/a-Act 1.57[1.25,1.93] n=10, and Trop/g-Act 3.36
[2.52,5.04] n=11 (mm, [95% confidence interval], n flow through chambers).
Thus, Lc is statistically significantly reduced for Trop/a-Act vs. all other condi-
tions (p<0.05), whereas Trop/g-Act displays a trend towards an Lc increase
compared with a-Act and g-Act. Further, Trop/a-Act v is elevatedz1.2-fold
over all other conditions, fmot is elevatedz1.12-fold over Trop/g-Act, CoV is
reduced toz0.82-fold of the Trop/g-Act value.We constructed a mathematical
model of the actomyosin kinetics which captures the L-dependent bimodality, v,
fmot, andCoV and predicts the tstop and tgo L-dependence. In steady state analysis
as well as stochastic simulations only a myosin detachment rate increase for
Trop/a-Act can explain the above results. Our findings suggest a regulatory
protein-dependent, actin isoform-specific regulation as the mechanism underly-
ing the correlation of actin isoform ratio and smooth muscle phenotype[2].
[1] Harris, Warshaw, Circul Res, 72(1):219-24, 1993 [2] Szymanski et al., Am J
Physiol Cell Physiol, 275:C684-92, 1998; Funding: CIHR, NIH RO1-HL
103405-02, NSERC
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The energy landscape describing the movement of tropomyosin on the actin
filament was determined computationally for a set of tropomyosin positions
on the surface of wild-type and mutant actin (K326N, E334K, D25N). All
the mutations studied, have been detected in individuals with various myop-
athies and analysis of changes in the energy-landscapes may provide insights
into disease mechanisms. The landscape for wild-type actin-tropomyosin is
characterized by a broad energy basin with a discrete minimum whose shape
is dominated by electrostatic interactions between actin and tropomyosin.
Previous studies indicate that the energy minimum localizes tropomyosin
near to the filament ‘‘blocked-state’’ in these troponin-free filaments (Li et
al., 2011). The K326N mutation in actin leads to a ~40% lower electrostatic
interaction energy and a shift in the position of the energy minimum toward
the ‘‘open-state’’ tropomyosin position. This is consistent with the increased
Ca2þ-sensitivity found for corresponding mutant muscles (Jain et al. 2012).
In case of the E334K mutation, the low-energy basin seems to be more diffuse
than it is in the wild-type but the overall strength of the actin-tropomyosin
interaction is greater. Additionally, a small shift of the equilibrium structure
toward the open-state is observed, while the electrostatic-interactions energy
minimum does not show a major shift. These observations suggest that tropo-
myosin may oscillate to a greater extent about its equilibrium position on
E334K actin. In contrast to the influence of K326N and E334K, D25N
mutation does not affect the energy landscape diagram in any obvious way.
Here, the landscape displays features that are almost identical to that of
wild-type, consistent with the hypothesis the mutant impacts myosin- rather
than tropomyosin-binding to actin (Wong et al. 2002; Sparrow et al. 2003).
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The persistence length (LP) of a polymer is proportional to its flexural rigidity
and quantifies the decay length of its tangent angle (for a polymer freely
